Derailment-resistant Performance of Modular Composite Rail Track Slabs

Introduction
Nowadays, railway transportation, including freight and passenger transport, plays a significant 24 role in the economic development of a region or even a whole country. It is apparent that there 25 are many irreplaceable merits of rail transportation. First, the rail sector performs better 26 financially compared with air or road transportation, which is crucial for developing countries.
27
Second, it can shorten transit time dramatically compared to shipping. Finally, it is adaptable to 28 most geographical situations, so the transport route can be more flexible. However, unexpected 29 train derailment accidents have become a substantial issue. Train derailment is common for both 30 freight and passenger train accidents and it always has disastrous consequences due to its heavy 31 weight and rapid speed [1] [2] [3] [4] [5] .
32
According to the Rail Accident Report: Derailment at Grayrigg [6] , an express passenger train, 33 which was a nine-car, electric, multiple unit, travelling from London Euston to Glasgow, and 2016 [7] . As a result, government and related industries should do more to control the risk of 44 train derailments through the design and operation phase, informed by a full understanding of 45 every previous accident. suggested that the impact loading, 46 which has an extremely high magnitude over a short time period, should be considered in the 47 limit states design method. Consequently, derailment action calculations should be adopted in the design phase "as an
96
Accidental Design Situation" [19] in order to minimize the damage to the structure.
97
There are two specific design situations relating to derailment action on railway bridges that shall 98 be taken into account. Fig. 3a . represents the design situation I, where derailed vehicles are still 99 in the track area, due to the adjacent rail or the containment wall and are preventing the main part 100 failure of the whole structure, is the top priority for designers [19] . 
Contact and Boundary Condition
136
In term of contact between each component, it is interesting to note that material stiffness is 137 necessary when defining constraint, in order to designate a master surface and a slave surface.
138
The interface types between each element are shown in 
Result and Discussion
218
The finite element analysis results from the composite rail track slab subject to the derailment 219 loads are then discussed hereafter. Critical elements in key areas will be highlighted in order to 220 portray the dynamic performance of the modular composite track slabs. Two different design circumstances in European Code should be considered separately.
224
For Design Situation I, two concentrated forces act on the top concrete of the composite slab.
225
Moreover, these loads equal α x 0.7 x LM 71, where LM 71 is 250 kN and α is adopted as 1.1, so 226 the two concentrated forces = 1.1 x 0.7 x 250 kN = 192.5 kN respectively.
227
Pressure is then selected in ABAQUS as the loading type because it is a three dimensional 228 model. Fig. 7a shows the exact contact area between a train wheel and top concrete. respectively, which is clearly below the ultimate strength of tensile (500 MPa). Moreover, area 254 (3) is at the bottom of the concrete and interacts with the profiled steel sheet below, which can be 255 another element that can resist an external stress. Hence, this area is in a safe situation.
256
In term of compression zones located in area (1) and (3), the maximum compressive stresses are 257 48.6 MPa and 17.5 MPa, which is less than yield strength (50 MPa). Hence, these areas are in 258 safe situation as well as bondek, shear stud and bridge stringer as shown in Table 4 . Fig. 9 shows the deformation shape under the derailment load concerning Design Situation II.
263
There are four individual parts (concrete, bondek, shear studs and bridge stringer), which need to 264 be evaluated as follows. (500MPa). Hence, there is no damage in this area. The compression zone is located in area (2).
273
The maximum compressive stress is 47.7 MPa, which is less than yield strength (50 MPa).
Hence, these area are safe under Situation II, as well as bondek, shear studs and bridge stringer.
275
Maximum stresses in the critical zone for Design Situation II are shown in Table 5 . 
Dynamic Analysis
Loading Condition
288
Impact loading is a high magnitude force or a shock pulse applied over a short period of time. In 289 this study, the derailment loads are generated only when an unexpected train accident occurs and 290 the first interaction between train wheels from derailed vehicles and the track slab surface is 291 considered. In a real situation [5], a train wheel axle can break and the train can derail at slow to 292 moderate speeds. In such cases, the wheel can nearly vertically drop directly to the track slab.
Hence, impact loading should be simulated and strain-rate behaviours are more appropriate for 294 this investigation. As such, a predefined field (or impact object) is created in ABAQUS to 295 simulate impact loading. The region of the predefined field is the whole wheel in this study, and 296 the velocity has been arranged at the direction of gravity (-V2 in ABAQUS). For initial studies, 297 the drop velocity was selected as 5 km/h to a limit impact velocity to determine the ultimate 298 capacity of the composite track slab. The detailed velocity direction and locations are shown in 299 Fig. 10 . After increasing the impact speeds, the limit impact velocity was determined at the 300 magnitude of 45 km/h, due to the design capacity. This limit velocity is the vertical projection of 301 the moving wheel (often, the other longitudinal projection is negligible through the rolling 302 motion of the wheel). Note that the total mass of train has already been transferred to the wheel 303 through the axle (by manually adding mass to the wheel model). The relationship between the time duration and contact force of the corresponding critical node 307 in the top concrete surface is shown in Fig. 10 . The maximum contact force in concrete surface is shows a downward trend and decreases significantly over time. In addition, the impact loading 312 has disappeared at 0.012 S, which means that the train wheel is removed from the slab area. 
Dynamic Response
316
The dynamic responses of four individual parts (concrete, bondek, shear studs and bridge 317 stringer) are investigated as follows. 
Concrete
319
There are four critical elements for the concrete segment, as shown in Fig. 12a. Fig. 12b shows 
328
In terms of tension area, the critical zones are located in areas (2) and (3), as shown in Fig. 11 .
329
The maximum stresses here are 20.5 MPa and 70 MPa respectively, when the ultimate cracking 330 stress f tension in this study is 5.94 MPa, which is less than the maximum stress in both areas. Then, 331 the performance of reinforcing steel bars associated with the areas (2) and (3) need to be 332 observed, since they start to sustain tensile force. The maximum stresses of reinforcing steel in 333 the areas (2) and (3) are 367.5 MPa and 359.5 MPa respectively, which is less than the ultimate zone. Moreover, area (2) is located at the bottom of the concrete and interacts with the profiled 336 steel sheet below it, which can be another element to resist an external stress. However, it is clear 337 that there is no damage in these areas. 
Steel
339
Stress distribution situations for the profiled steel sheet (Bondek), sheer studs and bridge stringer 340 have been shown in Fig. 13 . The maximum stresses of the profiled steel sheet (Bondek), shear 341 studs and bridge stringer are below the ultimate tensile strength, as shown in Table 6 . As a 342 consequence, these areas have not exceeded the critical yielding stress. Table 6 . Maximum stress in critical zone for impact loading derailment loading. Moreover, the maximum bending moment is less than the design capacity.
352
As a result, the whole structure has satisfied the impact speed at 45 km/h. 
Comparative Evaluation
354
In this comparative evaluation, the elastic plastic properties without materials' strain rate effects In contrast, the finite element analysis results of the whole track slab model subjected to impact 364 loading, and the material strain-rate properties demonstrated earlier, show that that the speed of 365 45 km/h is the limit impact velocity and the whole structure is still in a safe situation under the 
390
It should be noted that the performance of composite rail track slabs have not been investigated 391 in recent studies. In this research, the model has been developed and validated using ABAQUS.
392
Material strain-rate properties and impact loading have been applied to the numerical simulation 393 simultaneously, in order to improve the impact behaviour of composite slabs subjected to 394 derailment loading in an explicit dynamic analysis. The response and performance of composite track slabs, under two design situations, related to derailment actions has been evaluated. Based 396 on the results obtained, it was noted that the speed of 45 km/h in the direction of gravity is the 397 limit impact velocity for the designed composite rail track slabs considering strain rate effects.
398
Moreover, a comparative study using ABAQUS has been taken in to account order to identify 399 the performance difference between data derived from the elastic plastic material models and 400 material strain-rate properties.
401
Without the strain-rate effect consideration, the limit impact velocity is 30 km/h using elastic 402 plastic material models. The comparative study also demonstrates that the numerical simulations 403 without strain-rate effects are relatively more conservative than those with strain-rate effects.
404
This paper is a world first in investigating the performance of composite railway track slabs 405 subjected to derailment action. However, experiments also need to be carried out under impact 406 loads in order to obtain an accurate strain-rate of materials. 
